1. Introduction {#sec0005}
===============

Plastic film mulching has developed rapidly following it's introduction to China in 1978 and is now widely applied in crop production in arid and semiarid regions ([@bib0025]; [@bib0070]). Several mulching systems have been used in recent years, including 1) fully mulched ridge and furrow system: two ridges and furrow fully mulched with plastic film ([@bib0200]); 2) ridge mulched system: alternating ridge and furrow with plastic film mulched-ridge ([@bib0080]); 3) flat half mulched system: alternating mulched row and bare row in flat cultivation ([@bib0080]); and 4) flat fully mulched system: flat plot all mulched with plastic film ([@bib0080]). Of these, the ridge mulched system has been most widely adopted, leading significant increases in crop yield rain-fed agricultural areas of Chinese Loess Plateau, especially in areas with 400--600 mm annual precipitation ([@bib0045]; [@bib0175]; [@bib0220]). The yield increases under plastic film mulching have been attributed to factors including: 1) reduction in soil evaporation and increase in crop transpiration; 2) increase in water harvesting; 3) increase in soil temperature; and 4) increase in activation of soil nutrients ([@bib0200]; [@bib0195]; [@bib0210]). These factors change the soil environment, improving conditions for crop growth, resulting in higher water use efficiency and nutrient availability.

Water is the most limiting factor for crop production under rain-fed agriculture in arid and semiarid areas. However, studies have shown that the temporally irregular rainfall distribution and inefficient management of rainwater, rather than total rainfall amount, are the primary limits for crop production ([@bib0010]; [@bib0215]). [@bib0215] indicated that plastic film mulching improved rainwater management to overcome water limitations during dry spells, which promoted crop growth and increased yields significantly. Drought and mild chilling stress often occur in the Loess Plateau of China, especially during the early stage of the maize growing season; plastic film mulching can improve the soil water content and temperature during this stage resulting in increased yield ([@bib0045]; [@bib0190]). The main crops (i.e. spring maize and winter wheat) on the Loess Plateau are conventionally cultivated as a single crop per year followed by several months of bare fallow. It is generally assumed that water stored in the soil during fallow period is utilized by the subsequent crop. The antecedent soil moisture content (prior to sowing) may also cause or mitigate water stress during the early stages of crop growth. However, few studies have considered the interactions between plastic film mulching and antecedent soil moisture content on crop yield.

Fertilization can increase crop yield and enhance drought resistance of crops in arid and semiarid regions ([@bib0095]). However, excessive application of N fertilizer results in low N use efficiency and high N losses with environmental impacts including greenhouse gas emission, water contamination, soil quality degradation, and soil nitrate accumulation in deep soil layers ([@bib0020]; [@bib0135]; [@bib0145]; [@bib0205]). Plastic film mulching not only results in improved soil physical properties (soil water and temperature) but also directly changes soil biological characteristics and soil fertility ([@bib0095]). Soil inorganic nitrogen (N) is an important indicator for soil fertility and productivity. Since the plastic film mulching changes the soil microenvironment with associated changes to the N cycle processes, the soil inorganic N distribution under plastic film mulching systems may differ to that under traditional cultivation. Plastic film mulching may increase soil microbial activity due to the improved soil water and temperature conditions and thereby enhance mineralization ([@bib0170]). High inorganic N contents have been observed in soil profiles under plastic film mulching, especially in topsoils, and enhanced soil mineralization could be one reason ([@bib0170]). Another reason may be related to reduced N leaching under plastic film mulching ([@bib0150]; [@bib0120], [@bib0125]). However, [@bib0100], [@bib0105] found that the nitrate accumulation was more related to N fertilizer application rates. High N input resulted in higher nitrate accumulation in the soil profile, which may also increase N leaching and greenhouse gas emissions ([@bib0055]; [@bib0040]; [@bib0005]). Several studies have investigated the fate of N under plastic film mulching, however, few have considered the potential differences that may occur between the ridge and furrow under a ridge mulched system in arid and semiarid areas ([@bib0115]; [@bib0220]; [@bib0055]). Ridge mulched systems have a mulched ridge and furrows without mulch, thus the N transformations and transport processes could be different. A study conducted under a monsoon climate showed that N leaching mainly occurred from the furrow in a ridge mulched system ([@bib0055]). However, the vertical distribution and temporal patterns of soil inorganic N under ridge mulched systems are not well understood in rain-fed drylands.

Many studies have investigated the relationship between soil water content and crop yield to clarify the yield increase mechanism under plastic film mulching, however, very few have considered the impacts of the effects on water content and soil inorganic N distribution on both food security and sustainable agriculture. This study focused on a ridge mulched system in a maize crop on the Loess Plateau of China, taking crop production and environmental sustainability into consideration. The objectives were to 1) evaluate the effect of the ridge mulched system on soil water content, soil water storage, and water use efficiency; and 2) investigate soil inorganic N pools and distribution, considering the ridge and furrow as different units.

2. Material and methods {#sec0010}
=======================

2.1. Site description {#sec0015}
---------------------

The field experiments were conducted from 2013 to 2015 at the Changwu Agricultural and Ecological Experimental Station, located on the Loess Plateau of China (35.28°N, 107.88°E, ca. 1200 m above sea level). The annual mean air temperature is 9.2 °C and average annual rainfall is 582 mm, 73% of which occurs during the maize-growing season. The groundwater table is approximately 80 m below the surface. The cropping system in this area is one crop of maize or wheat per year. According to Chinese Soil Taxonomy, the soils are Heilutu, belonging to Cumuli-Ustic Isohumosols (light silt loam) ([@bib0030]). The soil properties in the top 20 cm are as follows: bulk density, 1.3 g cm^−3^; pH, 8.4; soil organic carbon content, 9.5 g kg^−1^; total N content, 1.05 g kg^−1^; available phosphorus (Olsen-P) content, 20.7 mg kg^−1^; available potassium (NH~4~OAc-K) content, 133.1 mg kg^−1^; and mineral N content, 28.8 mg kg^−1^.

2.2. Field experiments {#sec0020}
----------------------

This study included a ridge mulched system (RM) and a traditional cultivation system (i.e. flat cultivation without mulching) (F) over three maize-growing seasons ([Fig. 1](#fig0005){ref-type="fig"}). There were two fertilizer application treatments: 180 kg N ha^−1^, as recommended for traditional cultivation; 260 kg N ha^−1^ as per local farmer practice, giving a total of four treatments (RM-N180, F-N180, RM-N260, and F-N260). Plots were established a 5 × 10 m in a randomized block design with three replicate plots per treatment. Urea (N 46%) was used as N fertilizer in all fertilized treatments. In 2014 and 2015, all N fertilizer was applied manually to the soil surface prior to sowing and plowed in as a basal dressing. In 2013, 70% of the N fertilizer was applied as basal dressing and the remaining 30% was applied during the silking stage using a hole-sowing machine following precipitation. A total of 60 kg P ha^−1^ as calcium superphosphate (P~2~O~5~ 12%) and 75 kg K ha^−1^ as potassium sulfate (K~2~O 45%) were applied simultaneously with the basal N fertilizer for each plot. Ridges and furrows were made following fertilizer application.Fig. 1Maize cultivation systems used in the study. Left picture shows the ridge mulched system (RM) (RM-R: ridge in ridge mulched system; RM-F: furrow in ridge mulched system); right picture shows the flat cultivation system (F).Fig. 1

The RM system consisted of alternating ridges (70 cm) and furrows (30 cm), with only the ridges being mulched with plastic film ([Fig. 2](#fig0010){ref-type="fig"}). Two rows of maize were planted with a 40 cm spacing centered on the 70 cm wide ridges. Thus the RM system contained alternating wide (60 cm) and narrow (40 cm) plant row spacings. The F system also had the identical wide and narrow row spacings. Within-row plant spacing was 30 cm, and the plant density was approximately 67,000 plants ha^−1^, typical of local practice. The plastic film in all treatments was 0.008-mm-thick transparent polyethylene. A high-yielding maize hybrid (Pioneer 335) was selected for this study. The maize was planted at the end of April and harvested at the end of September. There was no irrigation during the maize-growing season.Fig. 2Schematic of the RM system and the locations for soil sampling and soil water monitoring.Fig. 2

2.3. Monitoring and sampling {#sec0025}
----------------------------

The monitoring and sampling was conducted during the maize growing seasons from April 2013 to September 2015. The soil water monitoring was conducted separately for ridges and furrows in the RM (RM-R and RM-F) and F treatments ([Fig. 2](#fig0010){ref-type="fig"}). The soil water content (volumetric water content) was measured using soil moisture monitoring instruments (ECH~2~O System, Decagon, USA) at 1 h intervals during 2013 with 1 h interval. Six ECH~2~O systems were installed and each consisted of five ECH~2~O-TE sensors, which were installed at soil depths of 10, 30, 60, 100, and 160 cm, to derive soil water contents at the 0--20, 20--40, 40--80, 80--120, and 120--200 cm layers. Sensors were calibrated before installation and the soil moisture at each depth in the four soil profiles was assumed as homogenous before the experiment (details given in [@bib0045]). Soil moisture content was determined gravimetrically at the same measured depths for another two replicates for each treatment at 15 day intervals using a soil auger. In 2014 and 2015, soil water content (N = 3) was measured using a Neutron Moisture Meter (CNC503DR) every 15 days at the same measured depths as in 2013. At the same time, soil water content at depths of 10 and 30 cm was determined gravimetrically using a soil auger. The ECH~2~O-TE sensor and neutron probe were thus calibrated against gravimetrically measured soil water contents.

Soil samples (RM-R: +10--0, 0--10, 10--30, 30--60, 60--100, 100--160 cm, RM-F and F: 0--10, 10--30, 30--60, 60--100, 100--160 cm; 3 replicates per plot) were collected at 15 day interval during maize growing season with a soil corer (diameter: 5 cm). Soil samples were refrigerated at 4 °C prior to subsequent analysis. The soil nitrate-N (NO~3~^−^-N) and ammonium-N (NH~4~^+^-N) concentrations were measured using a continuous flow analyzer (AA3, Seal Analytical, Germany) after KCl extraction. The nitrite-N (NO~2~^−^-N) was ignored in this study, because most samples were lower than detection limits. We used the NO~3~^−^-N and NH~4~^+^-N concentrations in dry weight equivalent soil and bulk density to calculate the inorganic N pools in kg ha^−1^ for the different depths. For RM, the soil water storage (SWS) and inorganic N pools were calculated by using the respective data for RM-R and RM-F and multiplying by the ridge to furrow ratios (ridge ratio: 7/10; furrow ratio: 3/10).

2.4. Statistical analysis {#sec0030}
-------------------------

The mean and standard deviation were calculated for the data collected for each treatment and depth. The differences between treatments and depths were analyzed using one-way analysis of variance (ANOVA) and the least significant difference (LSD) was used for multiple comparisons. Differences were considered statistically significant at P \< 0.05.

3. Results and discussion {#sec0035}
=========================

3.1. Soil water content, soil water storage, and water use efficiency during maize growing season {#sec0040}
-------------------------------------------------------------------------------------------------

Compared with the long-term average (1957--2009), the annual precipitation was 68.6, 170.0, and 63.8 mm lower in 2013, 2014, and 2015, respectively ([Table 1](#tbl0005){ref-type="table"}). The precipitation during the maize growing season for the three years accounted for 85, 67 and 67% of the annual precipitation, which was 17 mm higher, 142.4 mm and 73.6 mm lower the than long-term average for 2013, 2014 and 2015, respectively. The E601 pan evaporation was lower in all years than the long-term average for both annual and during the maize growing season. The precipitation during one month and three months before sowing were lowest in 2013, approximately 20 and 43 mm lower than long-term average; however, the evaporation for those periods was higher than usual. The drought situation started before maize sowing and lasted to the end of June (pre-silking stage) in 2013 ([Table 1](#tbl0005){ref-type="table"}). In 2014, there was higher precipitation and lower evaporation during one month and three months before sowing.Table 1The climate characteristics (precipitation: P and E601 pan evaporation: Evaporation) during 2013--2015.Table 1201320142015Long-term average (1957--2009)P (mm)Evaporation (mm)P (mm)Evaporation (mm)P (mm)Evaporation (mm)P (mm)Evaporation (mm)Annual515.4832.0414.0748.0520.2855.2584.0892.0Growing season437.0461.6277.6477.9346.4488.8420.0557.4Pre-silking44.8218.685.2195149176.4----One month before sowing21.8111.883.444.057.469.541.2101.3Three months before sowing29.6261.1118.0123.889.8213.172.5203.4

Significant differences between treatments in mean soil water content across all soil layers were only observed in 2013, although some soil layers were also shown the differences in 2015 ([Table 2](#tbl0010){ref-type="table"}). In 2013, the soil water content was 10% lower in RM-R than that in F at 10 cm depth, while 20% higher in RM-F. The RM significantly increased the soil water content at depths of 30 and 60 cm, by 40 and 22% at 30 cm and 43 and 47% at 60 cm for RM-R and RM-F, respectively. In addition, the mean soil water contents were the lowest in 2013 across the three years for each soil layer and each treatment. The extreme drought situation before sowing lasted to end of June and is the most likely reason for the observed lower soil water content in 2013 ([Table 1](#tbl0005){ref-type="table"}). This was supported by the significantly lower maize yields in 2013 for F treatments ([Table 3](#tbl0015){ref-type="table"}), which showed that the drought limited maize growth in 2013 but the soil water content was sufficient for maize growth in 2014 and 2015. However, the use of different measurement methods for monitoring soil water contents between 2013 and 2014/2015 may also have contributed to these observed differences, although both methods were calibrated against gravimetrically measured soil water contents.Table 2Soil water content in different soil layers in different treatments (RM-R-N260 and RM-R-N180: ridge in ridge mulched system at N application rate of 260 and 180 kg N ha^−1^; RM-F-N260 and RM-F-N180: furrow in ridge mulched system at N application rate of 260 and 180 kg N ha^−1^; F-N260 and F-N180: flat cultivation system at N application rate of 260 and 180 kg N ha^−1^).Table 2+10 cm0--10 cm10--30 cm30--60 cm60--100 cm100--160 cmAverageStdAverageStdAverageStdAverageStdAverageStdAverageStd2013RM-R-N2600.1890.0510.138 d0.0350.219 a0.0580.190 c0.0240.193 ab0.0390.178 b0.005RM-F-N2600.188 a0.0510.190 b0.1110.195 bc0.0400.198 a0.0500.180 b0.028F-N2600.151 bc0.0770.156 c0.0460.144 d0.0310.197 a0.0470.204 a0.034RM-R-N1800.1670.0560.144 dc0.0410.214 a0.0690.201 ab0.0300.185 b0.0280.165 c0.023RM-F-N1800.186 a0.0590.188 b0.0590.208 a0.0330.201a0.0290.157 d0.019F-N1800.162 bc0.0590.153 c0.0490.131 e0.0370.185 b0.0710.197 a0.024  2014RM-R-N2600.187a0.0570.198a0.0580.259a0.0890.244a0.0720.219a0.0590.263a0.067RM-F-N2600.211a0.0680.260a0.0970.243a0.0650.217a0.0560.261a0.050F-N2600.183a0.0750.243a0.0880.225a0.0740.227a0.0630.238a0.042RM-R-N1800.179a0.0500.202a0.0600.270a0.1080.265a0.1530.224a0.0620.251a0.055RM-F-N1800.200a0.0650.263a0.1060.226a0.0870.224a0.0760.251a0.056F-N1800.191a0.0700.246a0.0910.222a0.0750.226a0.0680.240a0.047  2015RM-R-N2600.2070.0480.229 ac0.0470.2520.0440.271a0.1180.232a0.0380.239 a0.026RM-F-N2600.238 a0.0410.2430.0490.220 b0.0360.235a0.0410.239 a0.028F-N2600.208 ac0.0450.2360.0470.236 ab0.0360.227a0.0300.227 ac0.017RM-R-N1800.2130.0340.226 ac0.0350.2700.0550.204 b0.0470.214a0.0480.214 bc0.028RM-F-N1800.201 c0.0400.2510.0470.214 b0.0510.219a0.0470.222 ac0.027F-N1800.202 bc0.0390.2420.0380.194 b0.0470.231a0.0330.226 ac0.020Table 3The △SWS (changes in soil water storage in the 0--200 cm profile between harvest and sowing), ET (evapotranspiration, ET = Precipitation-△SWS[1](#tblfn0005){ref-type="table-fn"}), crop yield and WUE (water use efficiency) of different treatments during maize growing season.Table 3△SWS (mm)ET (mm)Yield (kg ha^−1^)WUE (kg ha^−1^ mm^−1^)Growing seasonPre-silkingPost-silking2013RM-N260139.2 a356.2 a13.3a342.9a13800 a38.7 aF-N260120.7 b374.7 b27.4b347.3b7700 b20.5 bRM-N180141.9 c353.5 a12.2a341.3a14700 c41.6 cF-N180123.7 d371.7 b44.1c327.6c6600 d17.8 d  2014RM-N260-33.3 a438.1 a137.5a300.6a16377 a37.4 aF-N2605.1 b399.7 b154.6b245.1b13366 b33.4 bRM-N180-20.6 c425.4 a138.8a286.6c16380 a38.5 aF-N180-58.2 d463.0 c179.1c283.9c13088 b28.3 c  2015RM-N260-39.8 a386.2 a99.4a286.8a14270 a36.9 aF-N260-53.4 b399.8 b117.5b282.3a12702 b31.8 bRM-N180-52.9 b399.3 b109.5c289.8a14095 a35.3 aF-N180-34.5 a380.9 a115.6b265.3b12720 b33.4 b[^1]

The RM treatments increased SWS during the early stage of the maize growing season. Compared with the F treatments, the average SWS in the RM treatments was 13, 78, and 23 mm higher at the 3-leaf stage (V3) and 23, 42, and 26 mm higher at the 6-leaf stage (V6) in 2013, 2014, and 2015, respectively ([Fig. 3](#fig0015){ref-type="fig"}). From the silking stage (VT), the difference between RM and F decreased, and SWS was higher in F following large rainfall events (i.e. VT stage in 2013 and R3 stage in 2015). The SWS at V3 and V6 stage were 277 and 160 mm lower in 2013 than that in 2014, and 150 and 187 mm lower than that in 2015. Allowing for the lower precipitation during the early stage of the maize growing season in 2013, this might also be a result of the much lower SWS before sowing (only 215 mm on average across all treatments), compared with the 464 and 387 mm of SWS before sowing in 2014 and 2015. The SWS in 2013 increased 117--146 mm at harvest for all treatments; however, in 2014 and 2015, with the higher values before sowing, SWS decreased by 27 and 45 mm, respectively, on average across all treatments ([Fig. 4](#fig0020){ref-type="fig"}, [Table 3](#tbl0015){ref-type="table"}).Fig. 3Soil water storage in the 0--200 cm soil profile for different growing stages in RM-N260, F-N260, RM-N180, and F-N180 during the maize growing seasons in 2013, 2014, and 2015. Error bars are the standard deviation of the mean (n = 3). Different lowercase letters indicate significant difference at P \< 0.05. V3: 3-leaf stage; V6: 6-leaf stage; VT: silking stage; R3: milk stage; R6: maturity stage. RM-N260 and RM-N180: ridge mulched system at N application rate of 260 and 180 kg N ha^−1^; F-N260 and F-N180: flat cultivation system at N application rate of 260 and 180 kg N ha^−1^.Fig. 3Fig. 4The soil water storage for different treatments before sowing and after harvest.Fig. 4

The changes in SWS across the 0--200 cm soil depth between harvest and sowing (△SWS) was significantly higher in RM than that in F in 2013; while the evapotranspiration (ET) was lower in RM ([Table 3](#tbl0015){ref-type="table"}). No significant difference in ET across the entire growing season was observed between RM and F in 2014 and 2015. However, during the pre-silking stage, ET was significantly lower in RM than in F for all three years and higher in RM during the post-silking stage ([Table 3](#tbl0015){ref-type="table"}). The effect of plastic film mulching on ET was mainly to change the ratio between soil evaporation and maize transpiration ([@bib0075]). A higher aboveground biomass after the 6-leaf stage has been observed under plastic film mulching ([@bib0045]), and we observed higher soil water contents in RM before the silking stage ([Fig. 3](#fig0015){ref-type="fig"}). This suggests that the lower ET during the pre-silking stage was due to lower soil evaporation and the higher ET during the post-silking stage was due to higher plant transpiration in RM. Compared with the F treatments, RM significantly increased maize grain yield ([Table 3](#tbl0015){ref-type="table"}), with a much greater effect observed in 2013. The yield increases for RM-N260 and RM-N180, compared with F-N260 and F-N180, were 79 and 123% in 2013, 23 and 25% in 2014, and 12 and 11% in 2015, respectively. Several studies have shown that ET (or the contribution of transpiration to ET) and water use during pre-silking stage has a positive relationship with grain yield ([@bib0190]; [@bib0215]), as observed in our study. The highest yields occurred in 2014 both in RM and F, associated with much higher precipitation and lower evaporation before sowing (and a much higher SWS before sowing, [Fig. 4](#fig0020){ref-type="fig"}) even though precipitation during growing stage was lower ([Table 1](#tbl0005){ref-type="table"}), implying that the soil water content before sowing plays an important role in maize grain yields. [@bib0190] also found a significant correlation between crop yield and soil water content at sowing on the Loess Plateau. [@bib0215] found SWS at sowing had a significant positive relationship with ET during the pre-silking stage. We also observed higher ET during the pre-silking stage associated with higher SWS at sowing ([Table 3](#tbl0015){ref-type="table"}). Thus, the SWS at sowing might increase plant transpiration during the pre-silking stage and affect grain yield. RM significantly increased WUE, which increased by 89 and 134% for RM-N260 and RM-N180 in 2013, 12 and 36% in 2014, and 16 and 6% in 2015, respectively ([Table 3](#tbl0015){ref-type="table"}).

These finding suggest that maize grain yield was not limited by the amount of rainfall during the maize growing season or the cumulative annual rainfall but by the irregular distribution of rainfall over time and the inefficient management of rainwater in semiarid areas ([@bib0215]). Many studies have indicated that increasing rainwater harvest, improving soil water storage, and increasing plant water uptake capacity by using different cultivation systems could optimize crop productivity in rain-fed areas ([@bib0050]; [@bib0215]). In our study, the maize grain yields were significantly higher in RM than that in F treatments ([Table 3](#tbl0015){ref-type="table"}). Previous studies have found that maize production on the Loess Plateau was constrained by water stress at the early stage of the maize growing season ([@bib0085]; [@bib0155]; [@bib0185]; [@bib0045]), as seen in our study (i.e. low yields in F in 2013). The drought during pre-silking (particularly the jointing stage) postponed silking and shortened the grain filling period, and thus affected final grain yield ([@bib0140]). Our results suggested that increases in maize yields with RM were primarily through the improved soil moisture especially during drought periods. Significantly higher soil water storage was observed during the V3 and V6 stages across all three years, which could be explained a reduction in soil evaporation with mulching, enhancing the harvesting of the small rainfall amount ([@bib0065]), and improving the soil water use efficiency ([Table 3](#tbl0015){ref-type="table"}). [@bib0215] found that the higher soil water storage in the early growing season in mulching systems clearly promoted maize growth and development, because the higher soil water storage was sufficient to provide a buffer during drought periods which usually occurred in the early growing season. This could also explain the large increase in maize yield for RM in 2013 in our study. Although the difference in ET for the entire growing season between RM and F was not consistent across all three years, RM actually reduced nonproductive soil evaporation but increased productive plant transpiration during the pre-silking stage as discussed above, thereby improving the water use efficiency and yield ([Table 3](#tbl0015){ref-type="table"}). In addition, we found that the SWS before sowing could be a key factor for maize production, which could mitigate the water stress during the maize growing season (i.e. high yields in F in 2014 with low annual rainfall). This result indicated that rainfall in the fallow season may play an important role in water use in the next year. Thus, if precipitation during fallow seasons could be effectively harvested and stored in the soil through management intervention (such as using plastic film or leaving straw residue after harvest), the water requirements for maize would be satisfied, which is particularly important for dry years.

3.2. Dynamics of inorganic N content in the soil profile during the maize growing season {#sec0045}
----------------------------------------------------------------------------------------

The dynamics of soil inorganic N content in the 0--160 cm soil layer during the maize growing season for 2013--2015 in RM and F treatments are shown in [Fig. 5](#fig0025){ref-type="fig"}, [Fig. 6](#fig0030){ref-type="fig"}, [Fig. 7](#fig0035){ref-type="fig"}. There were large fluctuations in soil inorganic N in the top layers (0--30 cm) and the mean contents in these layers were much larger than that in deeper layers. Nitrate-N was the main form of inorganic N, accounting for 63--98% in this study ([Table 4](#tbl0020){ref-type="table"}). The observed higher nitrate-N contents in the top soil layers is consistent with other studies ([@bib0175]; [@bib0165]).Fig. 5Inorganic N concentrations in different soil layers during the 2013 maize growing season. (RM-R-N260 and RM-R-N180: ridge in ridge mulched system at N application rates of 260 and 180 kg N ha^−1^; RM-F-N260 and RM-F-N180: furrow in ridge mulched system at N application rates of 260 and 180 kg N ha^−1^; F-N260 and F-N180: flat cultivation system at N application rates of 260 and 180 kg N ha^−1^).Fig. 5Fig. 6Inorganic N concentrations in different soil layers during the 2014 maize growing season.Fig. 6Fig. 7Inorganic N concentrations in different soil layer during the 2015 maize growing season.Fig. 7Table 4Fertilizer application rates, ratio of inorganic N to total N, ratio of nitrate-N to inorganic N, harvest N, and partial factor productivity (PFP) in different systems before and after maize cultivation.Table 4Fertilizer application rate (kg N ha^−1^)Inorganic N/TNNO~3~^−^-N/Inorganic NPFPbefore sowing in 20131.791.5after harvest in 2013 RM-N2602602.898.053.1 F-N2602601.294.531.7 RM-N1801802.192.675.0 F-N1801801.491.745.6  after harvest in 2014 RM-N260260--97.963.0 F-N260260--96.751.4 RM-N180180--80.191.0 F-N180180--84.672.7  after harvest in 2015 RM-N2602607.896.054.9 F-N2602602.595.248.9 RM-N1801803.586.478.3 F-N1801801.162.870.7

On average, the inorganic N contents in the 0--10 cm soil layer for RM-R were 1.3--23.4 times and 1.5--13.1 times higher than that in other soil layers for RM-N180 and RM-N260, respectively, across the three years. High levels of inorganic N were mainly distributed in the 0--10 cm layer in the ridge with mulching, as observed in other studies ([@bib0175]; [@bib0055]; [@bib0170]). There are several possible explanations for this result. One is that the basal fertilizer was mainly in the surface layer and the plastic film prevented any N leaching by rainfall ([@bib0175]; [@bib0180]; [@bib0130]; [@bib0150]); secondly, the rate at which nitrate-N is transported with soil water to the soil surface layer will increase with a higher soil temperature under the plastic film mulching ([@bib0045]); and lastly, that the plastic film mulching improved the soil water and temperature, increasing soil microbial activity and enhancing the soil mineralization rate ([@bib0170]).

Generally, two peaks of inorganic N in RM-R were observed in the 0--10 cm soil layer during the maize growing season. One occurred after fertilizer application, and the other during crop maturity and harvest stages. The high soil inorganic N during the later stage of the maize growing season, was probably explained by the low nutrient requirement for crop growth at that stage and by enhanced soil mineralization caused by the higher temperature ([@bib0180]; [@bib0160]; [@bib0170]). There was a large decrease in inorganic N content in the 0--30 cm soil layer after June in RM-R, because of the high maize growth and uptake of soil N during this period.

There were also two peaks in inorganic N in the top soil layers (0--30 cm) for RM-F. The first was caused by fertilizer application, but the peaks in June were probably caused by the lateral movement of N from the ridge due to lateral water movement (however, in 2013, it might also have be caused by the application of the remaining 30% of the N fertilizer). A large decrease (from approximately 100 mg kg^−1^ to less than 20 mg kg^−1^) occurred in the inorganic N content of the top soil layers following several rainfall events in RM-F and peaks occured in the deeper soil layers (60--100 cm) after storms (e.g. following a rainfall event of 120.8 mm in 22 July, 2013), especially in the treatment with the higher N application rate. This is most likely because the plastic film intercepted rainfall, which then flowed from the ridges into the furrows, enhanced the leaching of inorganic N, especially nitrate, from the top to deeper soil layers ([@bib0175]). [@bib0055] used ^15^N to trace the fate of soil N and found that nitrate leaching in RM mainly occurred in the furrows, especially at high N application rates, consistent with the observations in our study. Thus, consideration of appropriate N application rate is needed in RM systems to avoid nitrate leaching from the furrows.

In F treatments, the inorganic N increased following fertilizer application, then decreased during maize growth for top soil layers (0--30 cm); however, an increase was observed during the later stage of the maize growing season in deep soil layers (60--100 cm) at the higher N application rate, due to N leaching during rainfall.

3.3. Inorganic nitrogen pool {#sec0050}
----------------------------

Inorganic N pools in the 0--10 cm and 60--100 cm soil layers were significantly higher than in other soil layers for RM after one year of maize cultivation. The two layers accounted for 26% and 41% of the total inorganic N pool (0--160 cm) for RM-N180 and RM-N260, respectively. About 40% of the total inorganic N was stored in the 60--100 cm soil layers in F treatments ([Fig. 8](#fig0040){ref-type="fig"}). However, the large pool changed to the 0--60 cm soil layer in RM and to 0--20 cm and 100--160 cm soil layers in F after two and three years of maize cultivation ([Fig. 9](#fig0045){ref-type="fig"}, [Fig. 10](#fig0050){ref-type="fig"}). About 60% of the total inorganic N was present in the top soil layers (0--60 cm) after three years in RM treatments. The results indicate that soil inorganic N is likely to accumulate in top soil layers in RM but in deeper soil layers in F, implying that RM would reduce nitrate leaching during the maize growing season ([@bib0150]; [@bib0180]; [@bib0130]). However, as we stated above, nitrate leaching from the furrows in RM at the high N application rate is of concern, which may cause nitrate accumulation in deep soil layers in Loess soil ([@bib0205]). In addition, the higher nitrate-N accumulated in the top soils may lead to higher N~2~O emission in RM ([@bib0040]).Fig. 8Inorganic N pools in a) RM-N180, b) F-N180, c) RM-N260, and d) F-N260 plots after one year of maize cultivation.Fig. 8Fig. 9Inorganic N pools in a) RM-N180, b) F-N180, c) RM-N260, and d) F-N260 plots after two years of maize cultivation.Fig. 9Fig. 10Inorganic N pools in a) RM-N180, b) F-N180, c) RM-N260, and d) F-N260 after three years of maize cultivation.Fig. 10

Inorganic soil N pools were initially small (200 kg N ha^−1^), but under RM increased significantly, by two and three times for RM-N180 and RM-N260, respectively, after three years of maize cultivation ([Fig. 11](#fig0055){ref-type="fig"}). Thus, RM can enhance inorganic N accumulation in the soil profile, especially at high N application rates ([@bib0100]; [@bib0055]). The high inorganic N accumulation in our study was probably caused by higher soil mineralization in RM ([@bib0180]; [@bib0035]). However, several studies have highlighted the many differences which may occur between the mulching system compared with the traditional system, such as soil temperature, water content, plant uptake, microbial activity, mineralization rate, and soil organic carbon content ([@bib0180]; [@bib0100]; [@bib0110]; [@bib0045]). These differences may interact to stimulate the release and accumulation of inorganic N in soil under RM; however, the mechanism is not clear so far. The total inorganic N pools in F were a slight decrease for F-N180 and a slight increase for F-N260 after the three years of maize cultivation. The soil water in F was not limiting in 2014 and 2015, which was good for plant growth and thus increased plant N uptake or caused N leaching and may have reduced the soil N accumulation.Fig. 11Inorganic N pools in the 0--160 cm soil layer before and after maize cultivation.Fig. 11

The N application rate of 180 kg N ha^−1^ was as recommended for traditional maize cultivation in the study area, which was proven to be appropriate by our study, with a larger partial factor productivity (PFP) for RM-N180, ranging from 75% to 91%. The treatments at the higher N application rate of 260 kg N ha^−1^ had lower PFP values, even under RM. Across the three years, with the increase in the inorganic N pool, the PFP values in RM increased in 2014 but decreased in 2015. [@bib0015] showed that residual soil nitrate in the top 100 cm of the soil profile should be maintained within the range of 87--180 kg N ha^−1^ for high yield maize production. This indicated that although maize grain yield has a positive relationship with N input, high N input or high residual soil N could reduce N use efficiency and limit the grain yield ([@bib0120], [@bib0125]), probably also being related to soil organic carbon depletion. Except for in the F-N180 treatment, the ratio of inorganic N to TN increased sharply after three years of maize cultivation, with the largest increase occurring in the RM-N260 treatment, (1.7%--7.8%, [Table 4](#tbl0020){ref-type="table"}). In the RM-N180 treatment, although inorganic N increased, the proportion as nitrate-N decreased after two and three years cultivation. These results suggest a higher nitrate leaching risk in RM-N260. However, although RM-N 180 resulted in higher PFP value and lower nitrate leaching risk, the high inorganic N accumulation in the soil profile after two/three years cultivation may lead to subsequent reductions in grain yield. It may also pose threats to the environment (increasing N leaching and greenhouse gas emissions) or cause the depletion of soil organic carbon ([@bib0095]), thus negatively affecting agriculture sustainability. Consequently, our results showed that N application rate of 260 kg N ha^−1^ was excessive in RM and the recommended N application rate of 180 kg N ha^−1^ for maize under traditional cultivation in this rain-fed area may not be suitable for RM. [@bib0105] found that an N application rate of 110 kg N ha^−1^ could sustain high grain yields in a fully mulched ridge and furrow system. Therefore, further studies to trace the fate of applied fertilizer N, investigate the soil mineralization and derive recommendations for N application rates under RM systems are warranted.

4. Conclusion {#sec0055}
=============

Implementing an RM mulched system compared with traditional (flat) cultivation significantly changed the soil water and inorganic N distribution over the 3-year study period. Compared with F, RM improved the soil water storage significantly during the pre-silking stage by decreasing the soil evaporation and increasing the plant transpiration, which improved the water use efficiency and contributed to enhanced grain yield. Higher SWS at sowing played an important role in maize production in rain-fed agriculture on the Loess Plateau, thus treatments such as plastic film mulching or straw residue left after harvest may be helpful in harvesting and storing rainfall in fallow season for subsequent use by the following crop. The soil inorganic N in RM accumulated in the top soil layer (0--10 cm) under the mulched ridge, probably because of reduced N leaching, increased soil mineralization, and lateral N movement from the furrow to the ridge. This was associated with a decrease in nitrate leaching to deeper soil layers. However, the nitrate leaching from the furrow was observed in the RM system at the higher N application rate. Inorganic N accumulation under the RM system increased by two to three times after three years of maize cultivation, which may be explained by enhanced soil mineralization. However, the mechanism for soil inorganic N accumulation under plastic film mulching systems is not clear, with potential interactions between a number of factors and soil processes, and further study is required. Overall, our result showed that RM-N180 could obtain high grain yield with low risk of nitrate leaching after one year of cultivation, but after three years of cultivation was associated with increased inorganic N accumulation in the soil profile. Thus, the recommended N application rate for traditional maize cultivation in this region may not be suitable under RM. Development of new recommendations for N fertilizer application rates under RM are needed to ensure the sustainability of rain-fed agriculture on the Chinese Loess Plateau.
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[^1]: A soil depth of 2--3 m was recommended for ET estimation of annual field maize crop in the Loess Plateau area, because more than 90% of ET normally comes from 0 to 2 m soil layers ([@bib0060]). A soil thickness between 2 and 3 m should be sufficient for estimating field water balance in the region in years having average or below-average precipitation ([@bib0090]), therefore the deep drainage below 2 m was neglected in this study.
